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ABSTRACT
Three areas of investigation were conducted using cloud-motion
measurements made on the SRI/NASA Electronic Display System. The studies
dealt with computations of relative vorticity from measured cloud motions,
relationship of cloud motion to changes in circulation, and comparisons
of cloud motions with cloud sizes.
The derived vorticity was compared with NMC analyses and also with
similar kinematic quantities obtained from rawins. The comparisons
showed low correlation between absolute values of relative vorticity
computed from mid-level cloud motions and 500-mb NMC values, but showed
good positive correlation with vorticity computed from concurrent rawin-
sonde data for the 700-mb level.
In the investigation of the relationship of cloud motion to changes
in circulation, measured cloud motions in a deepening cyclone were com-
pared with those in a filling cyclone. During the filling stage, the
cloud motion speeds averaged higher than during the deepening stage.
Also during the filling stage, the cloud directions departed less from
the rawinsonde wind direction but showed larger variation from the rawin-
sonde wind speed than during the filling stage.
In the comparison of cloud motion with cloud size, measurements of
the motions of clouds of various sizes were compared with wind direction
and speed from rawins. No correlations were found between cloud size
and altitude of best agreement with measured winds or between cloud size
alone and amount of deviation from wind direction or speed. However,
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there was a tendency for clouds larger than 400 nmi that were increasing
iii
in size to show speeds greater than the wind speed and such large clouds
that were decreasing in size moved slower than the wind speed.
iv
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I INTRODUCTION
This is the second phase of a study in which the SRIINASA Electronic
Display System has been used as an aid in the measurement, interpreta-
tion, and analysis of ATS photographs. During the first study Blackmer
*et al. (1970) demonstrated the capabilities and limitations of the
system by performing three diverse tasks:
• Evaluating identification of cloud-height and measured
cloud displacements at large angles of view (using only
ATS cloud photographs) through the use of the equipment
and comparing the results to those made by a second
investigator working with the same data using ATS
photographs and concurrent ESSA satellite photographs.
• Comparing the distribution of cloud types and heights
determined from cloud-motion measurements of ATS III
photographic data to the cloud cover viewed by Apollo 6
between the east coast of the United States and the
west coast of Africa on 4 April 1968.
• Evaluating and comparing growth rates and movements
of cumulonimbus anvils to the occurrence and severity
of the attendant weather and with the wind shear at
appropriate levels.
*References are listed at the end of the report.
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In this second phase of the study, objectives were specified and
subdivided into a series of tasks to determine the extent to which cloud
motions measured with the SRIINASA Electronic Display system are related
to various atmospheric conditions. These objectives and tasks are
listed below.
A. Objectives
The objectives of this study have been to investigate:
• The utility of kinematic analyses derived from cloud
motion vectors obtained on the electronic console to
studies of cyclone development, and from this to
determine the relationship between cloud motion and
horizontal wind.
• The relationship of cloud motion to cloud size.
• The relationship of cloud motion to changes in circulation.
B. Research Tasks
A number of research tasks have been specified for each objective.
These were as follows:
1. Objective I: Cloud-Motion Vector/Vorticity Relation
Task 1:
Task 2:
Using the electronic console, derive cloud motion
vectors corresponding to low-level and high-level
clouds in an intensifying extratropical cyclone
system.
Determine vorticity and divergence patterns for
low- and high-level clouds and compare these
2
Task 3:
analyzed patterns to corresponding cloud patterns.
Assess whether the general magnitudes of the kine-
matic quantities are reasonable, using accepted
standards available in the literature.
If the patterns and magnitudes are acceptable,
compute the vertical motions, Relate spatial and
temporal variations to the variations in satellite-
observed cloud patterns and the development of the
cyclone. If patterns and/or magnitudes are not
acceptable, determine the cause of the discrepancy.
2. Objective II: Relationship of Cloud Motion to Cloud Size
Task 1:
Task 2:
Select a series of ATS pictures over the Caribbean,
including the BOMEX area, and derive cloud motion
vectors for the selected series of cloud samples.
Compare the vector motions with the wind reports
nearest in time and distance to the measured cloud,
using:
(1) The vector difference between cloud motion and
wind at the level of best fit in the conven-
tional wind data.
(2) The vector difference between the cloud motion
and the wind at the 850-mb level, for low
clouds and the wind at the 300-mb level, for
high clouds. The adjudication of the cloud
level will be done subjectively.
3
Task 3:
Task 4:
Where possible, develop correlations between cloud
motion and conventional wind.
Based on success under Task 3, compare how correla-
tion varies as a function of:
(1) Individual cloud size
(2) Cluster size
(3) Magnitude of wind vector
(4) Weather type.
3. Objective III: Relationship of Cloud Motion to Changes
in Circulation
Task 1:
Task 2:
Task 3:
Using representative examples of a circulation
system, such as a frontal low or easterly wave (to
be mutually agreed upon between the Technical Monitor
and SRI) that exhibits deepening, filling, and
upper air diffluence, obtain the cloud motion vector
in various parts of these pressure systems.
Compare these cloud-motion vectors to conventional
wind data nearest in time and space to the cloud
measurement and derive the vector difference between
cloud motion and
(1) The wind at the level of best fit
(2) The winds at the 850-mb level (in the case
of low clouds) or at the 300-mb level (in the
case of high clouds).
Ascertain if there are any differences that occur
between cloud motion and wind during a deepening
4
(lowering) pressure change or filling (rising)
pressure change that are useful in meteorological
analyses. Determine if diffluence aloft is detect-
able in cloud motion patterns.
C. Method of Approach
To fulfill the requirements of Objectives I and III, available ATS
photographs were examined; from these, the period 16 to 18 March 1970
was selected for analysis. The cloud motions were then measured on the
SRIINASA Electronic Display system. The resulting measurements were
analyzed using one series of techniques for Objective I and a second
series of techniques for Objective III. The analyses for the two objec-
tives were carried out independently by two different groups of
investigators.
For Objective I, cloud heights were subjectively assigned on the
basis of appearance, relative speed, and position in the synoptic situa-
tion in order to assess how well we could do in vorticity computations
using only cloud motion vectors without any reference to rawin observa-
tions. Whereas in the third objective cloud heights were assigned by
comparison of measured cloud motions with wind data from rawinsondes at
proximal stations to determine the pressure level at which the cloud
motion vectors were closest to the observed wind vectors. This pressure
level has been designated the "level of best fit" (LBF) or "level of
minimum vector difference" (LMVD).
Work on Objective II required ATS data over the Caribbean, includ-
ing the BOMEX area. Accordingly, ATS data over this area were examined
and four days with usable photographs--12, 13, 26, and 27 July 1969--
were selected for analysis. Measurements were made of cloud motions
in the vicinity of available rawinsonde stations for comparison of
5
cloud motion and measured wind. Cloud size, rate of change of size,
and orientation of major and minor axes were also measured. Relation-
ships between measured winds and these parameters are presented in
Section IV.
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II CLOUD MOTION VECTOR/VORTICITY RELATION
A. Background
In recent years, several investigators have reported on the develop-
ment of techniques for incorporating information derived from satellite
cloud pictures into the operational numerical analysis in data-sparse
areas (e.g., McClain and Brodrick, 1967). The basic problem is to convert
qualitative satellite photographs of clouds and cloud patterns to quanti-
tative data on the wind field or the pressure/height field for input into
numerical analysis and prediction.
Using video data from TIROS and ESSA satellites, attempts have been
made to develop classification schemes whereby cloud patterns associated
with extratropical cyclones are modeled in terms of patterns of dynamic
quantities pertinent to cyclone development. For example, the cloud
patterns or cloud signatures associated with a developing extratropical
cyclone have been divided into various development stages that can be
recognized in the satellite photographs. These stages are then related,
through modeling, to magnitudes of maximum cyclonic vorticity and to the
location of the center of maximum cyclonic vorticity (Brodrick, 1969).
Such relations enable a reanalysis of the 500-mb stream-function field in
those areas where few or no conventional data are present but where satel-
lite video data show thick, multilayer stratiform cloudiness.
With the advent of the geosynchronous Advanced Technology Satellite
(ATS), the speed and direction of the movement of clouds attached to the
cloud system of a cyclone can be measured from the daytime series of high-
resolution photographs, which are taken 20 to 30 minutes apart. Using
ATS data, cloud motions have been shown to represent the winds to about
7
5 m/s (Serebreny et al., 1970a; Hubert and Whitney, 1971). Smaller
errors (3 m/s) have been associated with low clouds assumed to be located
at 850 mb; larger errors (8 m/s) have been found for the high clouds
assumed to be located at the 300-mb level. The principal hypothesis for
the degraded accuracy for the high clouds is the considerable uncertainty
regarding cloud height. Future geosynchronous satellites will have window
infrared imaging capability to determine cloud top heights more accurately
and hopefully reduce the wind/cloud motion differences. A study by Shenk
and Kreins (1970) has already investigated the potential improvement of
infrared data by tracking clouds from one Numbus 2 orbital pass to the
next at high latitudes where substantial data overlap between orbits
occurs. The wind/cloud motion comparisons were about the same as those
for the ATS data. However, there was no difference in accuracy for low
clouds (850-mb) and clouds located between 400 and 500-mb. The explanation
for these similar results despite better cloud top height information was
probably due to difficulties in relative geographical alignment of the
Nimbus radiation field and greater uncertainties in cloud tracking when
clouds are viewed at 108-minute intervals instead of the 20 to 30 minutes
for ATS.
Fujita et al. (1969) have demonstrated that the dynamic characteris-
tics of tropical disturbances can be clarified by analyzing the associated
fields of cloud motion vectors. Fujita et al. computed--and subsequently
interpreted--the patterns of relative vorticity and divergence associated
with three tropical cyclones in the eastern Pacific from the streamlines
and isotachs of the field of low-cloud motion. The present study extends
the technique of computing and interpreting kinematic quantities derived
from cloud motion vectors associated with an extratropical cyclone.
Specifically, the distributions of relative vorticity and derived height
fields over an area of deep stratiform cloudiness associated with a
developing surface cyclone over the continental United States are computed
8
from fields of cloud motion vectors. The potential of using such compu-
tations as input into numerical analysis and prediction in areas where
standard data are sparse or nonexistent is evaluated.
B. Data Selection and Analysis
The period 16 through 18 March 1970, when the subsatellite point of
ATS III was at 83°-85°W, was chosen for analysis. This period combined
surface cyclogenesis over the continental United States with a series of
ATS III cloud photographs that was by no means ideal but definitely
superior to other series covering cyclone development during this season.
On 16 March, a frontal cyclone developed in the lee of the Southern
Rocky Mountains (Texas Panhandle/Oklahoma/Kansas) and subsequently moved
eastnortheast, reaching the East Coast on 18 March. Figure 1 shows a
synoptic surface chart, and an ATS cloud-photograph for 17 March. The
cloud photograph, which is typical of the series available for the period
of analysis, shows the abundance of clouds suitable for middle- and high-
level cloud motion determination. Since no significant deepening took
place, the cyclone must be considered as a stable frontal wave cyclone.
I, Cloud-Motion Analysis
The feasibility of computing the distribution of vorticity and
derived heights from cloud motion vectors depends on a capability to
co~pile and analyze a large volume of cloud motions over the area and
level of interest. In the present study, such a capability was provided
by the SRI!NASA Electronic Display System, the design and performance of
which have been described by Serebreny et aI, (1970b), Cloud motions
were obtained by tracking on the console cloud elements over time periods
from one to three hours. Appropriate cloud elements, selected using
criteria similar to those discussed by Hubert arid Whitney (1971), were
9
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FIGURE 1 FRONTAL CYCLONE SELECTED FOR ANALYSIS
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subjectively considered to be "high," "middle," or "low" -level clouds on
the basis of their appearance and relative motion.
Because of the thick, layer-type cloudiness associated with the
selected storm, most of the clouds in the vicinity of the cyclone were
classified as middle or high. Over large areas, the low clouds either
could not be observed at all or their characteristic features could not
be identified on successive frames. Consequently, only the high- and
middle- (mid) level cloud motion fields were analyzed. Table 1 lists the
total number of cloud motion vectors obtained from the display system for
each day analyzed.
Scan line dropouts limited the number of satellite pictures
suitable for processing, thus introducing some variability in the time
interval between usable frames. These shortcomings, however, did not
seriously affect the measurement of cloud motions in and around the area
of the cyclone.
The various steps in the data collection and analysis were as
follows. Series of ATS III cloud pictures provided the input to the
console. Appropriate cloud elements from these series were tracked over
time intervals of one to three hours. Data on the initial and final
position of selected cloud features were recorded in the form of x and y
cursor values, together with the time period over which the cloud feature
*was tracked. These values were used as input to the ATSWIND computer
program, which computes the cloud direction, speed, latitude, longitude,
and the midpoint of the time interval over which the cloud element was
followed. The output from the ATSWIND program provides the input to a
second computer program, which:
*Initially supplied by NESS, NOAA, and modified at SRI.
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••
Prints out on a Mercator projection of the continental
United States all cloud motion vectors for each day and
each level.
Converts the initial cloud motion vector field to a
2.5 0 latitude X 2.5 0 longitude grid-point analysis.
The objective procedure by which this is accomplished
(Endlich et al., 1971) is quite similar to the techniques
used in hand analyses. For example, the spatial distri-
bution of the observed cloud motion vectors is examined
to reject individual cloud motions that show a large
inconsistency with adjacent motions. An interpolation
procedure is used to assign a value to each grid point.
• Computes from the continuous field of grid-point vectors
the corresponding patterns of relative vorticity.
• Computes a geopotential height field (hereinafter referred
to as the balanced height) from the "balance equation,"
using the field of cloud motion vectors as wind vectors
(Mancuso, 1967).
2. Error Analysis
To measure cloud motions, the meteorologist/operator at the
console, using the time-lapse mode, selects advected cloud elements that
remain identifiable through a number of frames of the recorded sequence.
The display system uses two electronically generated, movable cursors
giving x and y values of a Cartesian coordinate system as the basic
measuring device. The x and y cursor values, taken at the initial and
final location of a cloud element, are used to compute the distance a
cloud element moves during a given time period. The earth distance cor-
responding to one cursor unit on the displayed ATS photograph depends on
13
the magnification of the displayed photograph and on the angles of view
of that portion of the photograph being viewed. For the area and magni-
fication used in our study, the maximum earth distance of a cursor unit
represents about 7 nmi. This results in a random error in both x and y
location of a cloud element, which at most would be about ± 3.5 nmi. A
reasonable estimate of the 50 percent probable error would be about one
half of this or ± 1.8 nmi.
In addition to the cursor error, there is also a random defini-
tion error: Because of poor picture quality or time changes in cloud
shapes, a cloud element can only be pinpointed to a certain degree of
accuracy, which includes the effects of human judgments. Assuming the
definition error to be identical in magnitude to the cursor error, the
combined probable error in both the x or y location of a cloud element
would be ± 2.5 nmi, based on the theory of errors (Beers, 1962). For
clouds measured over a one-hour time interval, the corresponding error
in both the computed u and v components of the cloud motions would be
-5 -1
± 3.5 kts, while the error in vorticity would be ± 0.7 X 10 s when
computed from cloud motions having identical heights. Systematic errors
in the cloud motions may also exist due to photographic distortion and
registration. The magnitude of these errors is not known, but considerable
care was taken to register the photographs with regard to local terrain
features in order to minimize registration errors.
The present major uncertainty in using cloud motions to measure
winds is in the subjective assignment of cloud height. In this study,
cloud motions were categorized as low, mid, or high level, depending
mainly on the various cloud characteristics that allows one to distinguish
the associated cloud types (such as cirrus, cumulus, stratus, and the
like). The division into these three height-categories was made based on
studies by Serebreny et al. (1969) and by Shenk and Kreins (1970) in
which it was found that the levels at which the cloud motion most closely
14
approximates the wind direction and speed tended to cluster at three
altitude levels. Of course, one would expect the mean altitudes of the
three height categories to vary with latitude. For example, in the high-
level category (which includes cirrus-type clouds), the true height should
differ significantly for cirrus associated with a polar jet stream and
cirrus associated with a subtropical jet stream. Evidence of such height
differences in our analyses were obtained in this study.
C. Discussion of Results
1. Distribution of Relative Vorticity and Balanced Heights
a. Middle-Level
Figures 2, 3, and 4 show the ATS photographs and the vor-
ticity distributions computed from the mid-level cloud velocities for
16, 17, and 18 March, respectively. The vorticity analyses are assumed
valid at approximately 1800 GMT, which is near the mid-point of the period
for which ATS data were available. Also reproduced are the initial field
of cloud motion vectors as obtained from the available ATS data, and the
*NMC analyses of vorticity (valid approximately six hours after the time
of the cloud-motion analyses). For purposes of comparing patterns, the
contours of the NMC analyses are transferred to the Mercator projection
used by our computer program and are relabeled in terms of relative vor-
-5 -1
ticity by subtracting a value of 8 X 10 s for the vorticity of the
earth (Coriolis parameter). This value cor~esponds to 35°N, the mean
latitude of our area of analysis. The location of the surface low-
pressure center is indicated on each chart by the symbol ~.
*Absolute vorticity (initial, 500-mb) prepared by the staff of the U.S.
Weather Bureau's National Meteorological Center.
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In our analyses, areas with relative cyclonic vorticity
-5 -1 -5 -1~ 1 X 10 s and relative anticyclonic vorticity ~ -1 X 10 s are
-5 -1
Shaded. Because of the probable error of approximately ± 0.7 X 10 s
the shaded areas represent reliable results as to the sign of the vor-
ticity. In areas where no cloud motion vectors cou,ld be determined be-
cause of the absence of clouds or identifiable cloud elements, interpo-
lation was used to obtain a continuous grid-point vector field (see, for
example, the area of Texas and New Mexico on 18 March) .
On 16 and 17 March, the areas of maximum relative cyclonic
and anticyclonic vorticity associated with the surface cyclone in the
analyses of the mid-level cloud velocities are reflected in the NMC analy-
ses of 0000 GMT 17 and 18 March. The absence of large cyclonic vorticity
over the center of the surface cyclone in both the NMC and our analysis
on 18 March is indicative of the filling of the cyclone, which occurred
after 2100 GMT 17 March. However, renewed cyclogenesis in the lee of the
southern Rocky Mountains in the NMC analysis of 19 March is clearly in-
dicated by the appearance of relatively large cyclonic vorticity in the
cloud-motion analysis on 18 March. On 17 March, the cloud velocities
show relatively large cyclonic vorticity near Kansas-Colorado, a feature
that is absent in the NMC analyses. It is likely that our computations
in that area are inaccurate because of the absence of actual cloud-motion
measurements. The indicated vorticity distribution was computed from
cloud motions obtained by interpolation using the few available motion
vectors over New Mexico and southwestern Colorado. The large vorticity
gradient over Missouri in the NMC analysis of Figure 4(d) is not present
in the cloud-motion analysis of Figure 4(c). Examination of the wind
field in this area showed that wind speed and cyclonic shear increased
significantly from 1200 GMT 18 March to 0000 GMT 19 March. However, of
more importance is that the wind speed and shear at the 700-mb level were
not that large. In fact the 700-mb wind field showed a col area In,
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southern Iowa. Evidence that the mid-level cloud motion vorticity cor-
responds better to the 700- than to the 500-mb level is presented below.
Figures 2, 3, and 4 suggest a good qualitative comparison between the
vorticity pattern computed from the cloud velocities and those present in
the NMC analyses.
In order to make a more quantitative comparison for each
day of the three-day period, the grid-point values of relative vorticity
computed from the mid-level cloud motion vectors (CMV) were correlated
with values of vorticity read off the NMC analyses at the same gridpoints.
In order to convert absolute vorticity to relative vorticity, the NMC
values were reduced by the exact Coriolis parameter rather than the mean
value used in the pattern comparisons. It was found that correlations
improved by averaging the NMC values for 1200 GMT and 0000 GMT. Figure
5 shows the resulting scatter diagrams with the linear regression of
relative vorticity NMC (y coordinate) on relative vorticity CMV (x coordi-
nate). Thus, the regression lines are fitted to the data points so as
to be able to estimate values of NMC vorticity from computed values of
CMV vorticity. Except on 16 March, the overall correlations are not very
high [linear correlation coefficients (R) of 0.70, 0.46, and 0.45 for 16,
17, and 18 March, respectively] and there is considerable data scatter
around the regression lines as indicated by the values of the standard
error of estimate (SEE). The thin lines parallel to the regression line
are drawn at a vertical (y direction) distance equal to ± one standard
error of estimate or ± 1 standard deviation of the dependent variable
(relative vorticity NMC). Close to 68 percent of the points in the scatter
diagram lie between these two lines. It is obvious that if the linear
regression model is applied, rather large errors could be involved if
relative vorticity NMC were predicted from relative vorticity values
computed from cloud motion vectors. For example, the sign of the NMC
vorticity could not be estimated with any confidence for a range of CMV
20
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-5 -1 -5 -1
values between +1.0 X 10 sand -3.0 X 10 s The fair relation be-
tween the absolute value of CMV and NMC vorticity could be attributed to
the following:
•
•
While the NMC analyses refer to the 500-mb level,
no absolute height can be assigned to our mid-level
cloud motions. (Evidence presented later suggests
that for this storm the mid-level is closer to
700-mb than to 500-mb.)
Differences in magnitude between NMC and CMV vorticity
may be due to computational differences: NMC
vorticity is computed from observed heights, while
CMV vorticity is computed from a smoothed grid-
point analysis of cloud motions.
• The cloud motions are time averaged whereas the
conventional measuresments provide a nearly
instantaneous measure of the wind vector.
It was found that extrapolation and interpolation used in
our computational program to obtain a continuous field of grid-point
values of cloud motion was not responsible for the low correlations .•
Such interpolation over New Mexico and Colorado on 17 March could have
modified existing horizontal wind shear and streamline curvature to the
extent that cyclonic vorticity was reduced compared to the NMC analysis.
However, no increase in correlation was evident when the grid-point
values in this area were eliminated from the scatter diagram of Figure 5.
Figure 6 shows scatter diagrams of the relative vorticity
obtained from the mid-level cloud motions of 17 March and the relative
vorticity computed from observed winds at the 700-, 500-, and 400-mb
constant-pressure levels. The observed winds were obtained by averaging
rawinsonde data at 1200 GMT 17 March and 0000 GMT 18 March, and relative
22
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vorticity was computed from these winds using the same program described
earlier. It can be seen that the scatter around the regression lines of
Figure 6 is much less than in the comparison with the NMC vorticity of
17 March shown in Figure 5. Correlation coefficients, regression coef-
ficients (slope of regression line), y-axis intercepts, and standard
errors of estimates are listed in Table 2 for all three pressure levels
and also for the data comparison of 17 March using the NMC vorticity.
It should be emphasized that vorticity computed on the basis of the mid-
level cloud motion measurements corresponds better to the vorticity de-
rived from the observed winds than to the vorticity obtained from the
available NMC analysis. Furthermore, vorticity computations for the 700-
mb winds give a slightly better correlation and fit than computations
derived from observed winds at higher levels.
Table 2
STATISTICS OF THE LINEAR REGRESSION OF RELATIVE VORTICITY
FROM RAWINS ON RELATIVE VORTICITY FROM CMV FOR 17 MARCH 1970
Y-axis Standard Error
Correlation Regression Intercept of Estimate (SEE)
Level Coefficient R Coefficient (10-5 s -1) (10-5s -1)
700-mb 0.68 0.66 0.16 0.93
500-mb 0.63 0.59 0.49 0.97
400-mb 0.65 0.68 0.70 1.05
NMC 0.46 0.53 0.78 1.31
In Figures 7 and 8, isoline analyses of balanced height
derived from the mid-level cloud motions on 16, 17, and 18 March (indi-
cated as solid lines) can be compared with corresponding NMC analyses of
700-mb and 500-mb height contours, respectively (indicated as dashed
lines). The fields of balanced height are valid at approximately 1800
24
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GMT, while the constant-pressure contour analyses are valid at 0000 GMT.
Since the mid-level cloud motions are unspecified as to absolute height,
isolines of balanced height are labeled in relative units at intervals
of 50 meters. The NMC height contours are labeled in absolute units at
60-meter intervals. The history of events in the NMC analyses is reflected
in the cloud-motion analyses: The short-wave trough associated with the
surface cyclogenesis over Texas on 16 March, the building high-pressure
ridge over the eastern United States, and the trough development over the
Rocky Mountains on 18 March are prominent features in the cloud-motion
analyses. However, it is evident that the distribution of balanced height
computed from the cloud-motion vectors compares best with the 700-mb NMC
analysis, especially when contour gradients are considered. The gradients
on the 500-mb maps exceed by far those of the cloud-motion analyses,
i.e., the 500-mb wind speeds exceed the mid-level cloud-motion speeds.
Figures 7 and 8 suggest that the principal synoptic fea-
tures are preserved when the fields of cloud-motion vectors are used to
compute spatial distributions of balanced height. For this storm the
mid-level assigned to the cloud motions appears closer to the 700-mb level
than to 500 mb, which is compatible with the results of the vorticity
analysis.
b. High Level
Figure 9 shows the spatial distribution of high-level
cloud-motion vectors as determined from the display system for 17 March,
and a photograph of the cloud structure illustrative of the series of
16 photographs from which the motion vectors were derived. The motion
vectors south of 30 0 N are associated with subtropical jetstream cirrus.
When measuring cloud velocities on the console, all cirrus-type clouds--
including those south of 30 0 N over Mexico--were categorized as high level.
27
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STRUCTURE FOR 17 MARCH 1970
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The kinematic analyses of the high-level motion vectors
of 17 March are evaluated by comparing computed patterns of balanced
height and of relative vorticity with those obtained from concurrent
rawinsonde data at various constant-pressure levels. In Figure 10, iso-
lines of balanced height (in relative units at 50-meter intervals) computed
from the high-level cloud motions of Figure 9 can be compared with those
computed from rawinsonde data averaged for 1200 GMT 17 March and 0000 GMT
18 March at the 500-, 400-, and 300-mb levels. Over Mexico and the Gulf
of Mexico the gradient of balanced height computed from the motion vectors
is somewhere between that computed for the 400- and 300-mb levels. In
the northern part of the analysis area, however (especially south of the
Great Lakes), gradients of balanced height computed from the cloud motions
are definitely less than those at the 400- and 300-mb levels, and corre~
spond better to the 500-mb analysis. Thus, Figure 10 suggests that the
high-level cloud velocities south of latitude 30 0 N probably correspond
to a higher-level wind field than those over the continental United
States north of 30 o N.
Such a height difference is also suggested by the corre-
sponding analyses of relative vorticity, which are shown in Figure 11.
For example, Figure ll(a) shows an intrusion of relatively large cyclonic
vorticity extending from north Texas into Kentucky. This feature reflects
the pattern of large cyclonic vorticity centered around Arkansas and
Missouri at the 500-mb level [Figure ll(b)]. South of 30 oN, however,
over southern Texas and northern Mexico, the cloud motion vectors do not
have the anticyclonic vorticity of the wind fields at the 500-mb level,
but rather the cyclonic vorticity analyzed from the horizontal wind field
at the 400- and 300-mb levels [Figures ll(c) and (d)]. Thus, while the
mid-level cloud motions show good correspondence to the 700-mb wind field,
the analyses shown in Figures 10 and 11 demonstrate that the high-level
cloud motions represent wind velocities at a combination of levels.
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Figure 12 shows scatter diagrams of grid-point values of
vorticity computed from the high-level cloud motions of 17 March compared
with values of vorticity computed at the same grid points from rawins.
In Figure 12(a), the rawins refer to the 400-mb level; in Figure 12(b),
they refer to the 700-mb level for grid points north of 30 0 N and to the
400-mb level for grid points south of 30 oN. The combination of pressure
levels gives a much improved correlation and linear fit. Thus, Figures
10 and 12 suggest that the high-level cloud motions represent wind ve-
locities at a combination of levels.
The inability to assign the high-level cloud motions to a
single level prevented useful interpretation of the kinematic analyses.
The combination of levels to which the high-cloud motion analyses corre-
spond is probably the result of a difference in height between the sub-
tropical jetstream cirrus (south of 30 0 N over Mexico) and the cirrus-type
clouds that were associated with the polar front cyclone and possibly
with a polar jetstream. Normally the subtropical jetstream is at a higher
level than the polar jetstream. Thus, when analyzing high-level cloud
motions over an area that extends from a polar air mass into a sUbtropi-
cal air mass, polar frontal and subtropical cirrus cannot simply be
categorized and analyzed together as "high level"; rather, accurate
height discrimination as a function of latitude becomes important.
c. Absolute Values of Relative Vorticity
Table 3 lists the maximum values of relative vorticity
that were computed from the mid-level and high-level cloud motions for
each day. Also listed are maximum values of relative vorticity from the
NMC analyses (daily averages from 1200 and 0000 GMT) and from the rawin-
sonde data averaged from 1200 GMT 17 March and 0000 GMT 18 March.
The vorticity values obtained from the cloud motions are
reasonable as related to the stable frontal-wave type cyclone and to the
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associated weak upper-level trough. Similar values were computed by
Fujita et al. (1969) from the low-cloud velocities associated with a
system of tropical storms. The values of Table 3, however, are smaller
than those computed by Broderick (1969) for the 1000-500-mb layer
-4 -1(1 X 10 s ) and associated with a "Stage 2" cloud signature of the type
shown in Figures 2, 3, and 4.
The tendency for larger NMC values, especially on 18 March,
was evident from the scatter diagrams of Figure 5. The NMC analyses
show maximum values of relative cyclonic vorticity ranging from 4 to 6 X
-5 -110 s during the surface cyclogenesis east of the Rocky Mountains on
-5 -116 and 17 March, and from 8 to 10 X 10 s during renewed cyclogenesis
over the Rocky Mountains on 18 March. These values are about twice as
large as those obtained from the cloud motions.
The increase of cyclonic vorticity with height indicated
by the rawinsonde data on 17 March is not reflected by the values com-
puted from the mid-level and high-level cloud motions. It is likely
that the relatively small values associated with the high-level motions
result from inadequate height discrimination. Also, the computer program
develops a continuous field of vectors from the cloud motions obtained
in areas where high-level clouds were identified. The interpolation and
extrapolation technique used may reduce the large cyclonic shear and/or
curvature that is frequently present near jet stream levels and near
areas where high clouds are absent. In spite of the various discrepan-
cies, we conclude that absolute values of relative vorticity computed
from the cloud motion vectors for the period 16 to 18 March are acceptable.
D. Summary
This study has attempted to analyze and interpret patterns of rela-
tive vorticity and derived height computed from the cloud velocities
associated with the cloud structure of an extratropical cyclone. Because
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of the absence of data on the specific height of cloud elements measured,
cloud motions were assigned to a mid-level (when subjectively classified
as middle clouds), or to a high level (when subjectively classified as
high clouds) on the basis of cloud appearance, and relative motion as
observed on the SRI!NASA Electronic Display System.
Computations of relative vorticity using the mid-level cloud motion
vectors showed encouraging results. Patterns of computed cyclonic
vorticity related to the development, location, and movement of the sur-
face cyclone. Computed values of relative vorticity showed good positive
correlation with vorticity computed from concurrent rawinsonde data for
the 700-mb level. The analyses of balanced height also suggest that the
so-called mid-level corresponds better to the 700-mb level than to higher
levels.
The vorticity analyses from the high-level motion vectors represented
difficulties resulting from the wide latitudinal range in the height of
cirrus. Cirrus-type clouds from both a polar jetstream and a subtropical
jetstream were included in the high-level analysis. Not only is the
subtropical jetstream normally at a higher level than the polar jetstream,
but the banded cloud structure and sharp cloud edges that are frequently
present near jetstream levels make it all but impossible to obtain rep-
resentative values of relative vorticity from a field of motion vectors
generated from individual cloud velocities.
Further research in computing relative vorticity from cloud motion
vectors seems warranted, with particular emphasis on obtaining better
height references. As a first step, for example, one might investigate
the improvement obtained when the concept of the Level of Best Fit (LBF)
is used to assign a probable height to a cloud-motion measurement and
then limiting the altitude range of vorticity computations to or near
this level. Also, computations should be made from cloud-motion measure-
ments made over shorter time periods of ATS data than used in the present
study.
With the ultimate addition of concurrent radiometric data, kinematic
computations from cloud motions may yield quantitative information equal
in value to that obtained from modeling techniques such as those investi-
gated by McClain and Brodrick (1967). In data-sparse areas where satel-
lite photographs show thick, multilayer cloudiness associated with cyclone
development, computations of vorticity from cloud motions may supplement
the information that eventually will be obtained from the vertical pro-
files of temperature supplied by spectral radiometric sounding techniques
(SIRS), providing the needed input to numerical analysis and prediction.
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PRECEDING PAGE BLANK NOT fiLYED
III RELATIONSHIP OF CLOUD MOTION TO CHANGES IN CIRCULATION
The objective of this task was to ascertain whether there are any
differences that occur between cloud motion and wind during a deepening
pressure change or filling pressure change that would be useful in me-
teorological analyses. Selected samples of the cloud-motion vectors
utilized in the computation of vorticity (Section II) were used. These
vectors were treated in two ways:
• All vectors within 60 nmi of a rawin for the three-day
period were analyzed to establish a background against
which vectors associated only with the storm could be
compared.
• Those vectors associated with the storm were analyzed
with emphasis on 17 March, when the storm deepened slightly
and on 18 March when the storm was filling.
These analyses necessitated a comparison with conventional winds
as given by rawins.
Since the mid-time of the cloud-motion measurements was near 1800
GMT and the rawins are taken at 1200 and 0000 GMT, the rawins were time-
adjusted to the time of the individual cloud-motion measurements. In
the process, the computer generated an adjusted sounding (at 10-mb incre-
ments) that would have existed assuming the wind changed uniformly with
time between the two soundings. The computer then compared the cloud-
motion vector with this adjusted sounding and found the level of minimum
vector difference between the cloud motion and the wind.
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A. Analysis of All Cloud Motions within 60 nmi of a Rawin
1. Altitude of Level of Minimum Vector Difference
Figure 13 shows the frequency distribution of the levels of
minimum vector difference, grouped by 50-mb increments. The number of
occurrences spreads over a wide range from the 950-mb level to the
200-mb level. The figure shows a greater frequency of cases having low
levels of best fit than with cases having high levels of best fit.
Nearly 25 percent of the sample is in the interval 760 to 850 mb; a
secondary concentration is found near the 400-mb level. This distribu-
tion is quite similar to that found by Serebreny et al. (1970a), who
found modes at the 900-, 650-, and 350-mb levels in the analysis of
clouds over the tropical and sUbtropical Atlantic and Pacific Oceans.
2. Differences between Cloud Motions and Winds
at the Level of Minimum Vector Difference
Figure 14 shows the magnitude of the minimum vector difference
for cloud motions with levels of minimum vector difference at various
altitudes. The magnitude of the minimum vector difference ranges from
o to 32 knots but generally does not exceed 25 knots except at or below
the 850-mb level.
A summary of the differences between cloud motions and rawins
at the level of best fit is given in Table 4, where the data are divided
into two groups: those cases with a LMVD lower than the 500-mb level
and those with a LMVD at or above the 500-mb level.
Cumulative frequency curves of direction difference, speed
difference, and vector difference between the cloud-motion vector and
the time-adjusted rawinsonde data were constructed and illustrated in
Figure 15. The figure shows that less than 10 deg direction difference
occurs in 56 percent of the measurements below the 500-mb level and in
40
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FIGURE 13 FREQUENCY DISTRIBUTION OF THE LEVELS
OF MINIMUM VECTOR DIFFERENCE
Table 4
COMPARISON OF DIFFERENCES BETWEEN CLOUD MOTION
AND WIND AT LEVEL OF MINIMUM VECTOR DIFFERENCE (lMVD)
IMVD
Point of Comparison Below 500 mb At or above 500 mb
Number of cases (N) 153 60
Mean direction difference
(degrees) 12.6 6.9
Mean speed difference
(knots) 5.1 3.4
Mean magnitude of vector
difference (knots) 7.9 7.1
* (knots)av 10.3 9.2
*Standard vector deviation
difference, N = number of NN R2i i= aV = -N-cases. where R = vector1
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73 percent of the measurements at levels above. Less than 10 knots
speed difference occurs in 84 percent of the measurements below the
500-mb level and in 95 percent above. Less than 10 knots minimum vector
difference occurs in 71 percent of measurements below the 500-mb level
and in 72 percent of the measurements above.
3. Effects of Assigning Cloud Motions to Levels
Other than the Level of Best Fit
The contract called for a determination of the vector differ-
ence between the cloud motion and the wind at the 850-mb level for low
clouds and the wind at the 300-mb level for high clouds. Accordingly,
cloud motions with LBFs below the 500-mb level were compared with winds
at the 850-mb level and those with LBFs at or above the 500-mb level
were compared with 300-mb level winds.
Figure 16 shows the scatter diagrams resulting from this com-
parison. The figure shows that the 300-mb wind speeds were generally
larger than cloud speeds (for clouds with LMVDs at or above the 500-mb
level). The comparison between 300-mb wind direction and cloud direc-
tion (for clouds with LMVDs at or above the 500-mb level) shows most of
the points clustering around the one-to-one line, while the largest de-
viations show the clouds moving to the right of the 300-mb wind direction.
The clouds with LMVDs below the 500-mb level are divided into two groups
on Figure 16: those with LMVDs from 699 to 501 mb and those with LMVDs
at or below the 700-mb level. Comparison of these two groups with the
850-mb wind speed shows that the higher group tends to have speeds
larger than the 850-mb wind speed, while the lower group is approximately
bisected by the one-to-one line. With respect to direction, the cloud
motions in the group 699 to 501 mb tend more to move to the right of
the wind than the lower group does. The lower group is about evenly
scattered either side of the one-to-one line.
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Figure 17 shows the resulting vector differences when the
minimum vector difference was subtracted from the vector difference at
the 300-mb level for higher clouds and from that at the 850-mb level for
lower clouds. The figure demonstrates qUite clearly the limitation of
assigning winds from a number of diverse levels to any level significantly
different from the original level. For example, while vector differences
at the level of minimum vector difference showed few cases with values
in excess of 25 knots (Figure 14) Figure 17 shows a number of cases with
values in excess of 30 knots. The magnitude of the difference increases
with increasing departure from the 850- and 300-mb levels (where, by
definition, it is zero). The reason for the increases are undoubtedly
due in large part to vertical wind shear.
To ascertain just how much manipulation of the winds from one
level to another could possibly be justified or considered practical we
chose to examine further the effects of limited displacement of winds
within each of three selected pressure intervals. The intervals we
chose were 850-750, 650-550, and 450-350 mb. The cumulative frequency
of vector differences within these layers was then compared to the cumu-
lative frequency of averaged vector differences at plus and minus 50,
100, and 150 mb from the LMVD. The results are shown in Figure 18.
(Note: to expand the data sample, cloud measurements on 15 March are
included as well as those on 16, 17, and 18 March.)
Table 5 summarizes the percentage of cases with vector differ-
ences 10 knots or less within each layer and for each displacement.
These comparisons would discourage the assignment of winds de-
rived from cloud-motion measurements to any level ~ 50 mb from the LMVD
or from any cloud altitude determined by radiometric information.
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Table 5
COMPARISON BETWEEN PERCENTAGE OF CASES WITH VEC1UR DIFFERENCE
~ 10 KNOTS AT LMVD AND PRECENTAGE OF CASES WITH VECTOR DIFFERENCE
~ 10 KNOTS WHEN CLOUD MOTIONS IN SELECTED LAYERS ARE DISPLACED
± 50, ± 100, and ± 150 MBS FROM LMVD
Layer Percentage of Cases
(mb) At LMVD ± 50 mb ± 100 mb ± 150 mb
850-750 66 28 9 6
650-550 84 66 28
I
0
450-350 78 21 10 0
B. Analysis of Cloud Motion Vectors Associated with Storm
Figures 19, 20, and 21 show the storm on 16, 17, and 18 March, re-
spectively. An overlay to each cloud photograph shows the frontal posi-
tions, locations of measured clouds associated with the storm, heights
in tens of millibars, and contours of the level of best fit between
cloud motion and rawin data within 60 nmi of the measured cloud. Examina-
tion of the level of best fit on 16 March (Figure 19) shows values below
the 900-mb level near the center of the cloud shield while values around
the edges are at or above the 700-mb level. Vertical profiles of rela-
tive humidity, as shown by radiosonde data, were examined to determine
whether the clouds were actually lower near the center of the shield,
rather than at the edges. This examination showed high values of rela-
tive humidity to considerably higher levels than the computed level of
best fit. For example, at one station where levels of best fit for
three measured clouds were 830, 800, and 780 mb, the humidity was in ex-
cess of 90 percent up to the 600-mb level. In such instances, the
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featureless stratiform nature of the cloud cover apparently makes it
impossible to measure the cloud motion accurately.
On 17 March (Figure 20), the level of best fit is lowest over
Arkansas and northeast Texas (well within the cloud mass) and higher
values are generally found around the edges. The highest value was over
northern Texas, where a point at the 200-mb level was computed. Again
the low levels of best fit are undoubtedly due to the difficulty of
finding a well-defined cloud feature to follow. In fact there are some
large areas with no data points showing that it was impossible to make
measurements.
On 18 March (Figure 21), levels of best fit were below the 800-mb
level over nearly the entire area. The only exceptions are over Ohio
and east Texas, where levels as high as the 400-mb level were computed.
Radiosonde ascents over the area at this time showed the top of the
layer of high humidity extending only to rather low levels--generally
well below the 800-mb level; hence much of the cloud is probably low.
Much of the cloud, for example, over southeastern United States has
features that could be tracked so the measurements would be more accu-
rate than those taken within a featureless cloud cover.
Figure 22 shows the distribution by pressure level of the levels
of minimum vector difference between winds and cloud motion measurements
associated with the storm system for the three days. Also shown is the
magnitude of the minimum vector difference and the change in vector dif-
ference when cloud motions at or below the 700-mb level were compared
with winds at the 850-mb level and when cloud motions at or above the
500-mb level were compared with 300-mb level winds. Levels of minimum
vector difference and magnitudes of minimum vector difference on this
figure show essentially the same variability as Figure 14, which con-
tained measurements not associated with the storm as well as those asso-
ciated with the storm. The length of the arrows on Figure 22 shows the
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change in vector difference when cloud motions with levels of minimum
vector difference at or above the 500-mb level are compared with 300-mb
winds and when cloud motions with levels of minimum vector difference at
or below the 700-mb level are compared with 850-mb winds (clouds between
700 and 500 mb were not used for comparison with low- or high-level winds).
The changes in minimum vector difference when these comparisons are made
increase substantially for the upper-level clouds. The changes are not
as great for the lowest clouds but are quite large for those with a
level of minimum vector difference near the 700-mb level. For both the
lower- and upper-level clouds, the changes in minimum vector difference
are very similar to those shown by Figure 17 where all clouds during the
three-day period were considered.
Figure 23 shows cumulative frequency curves of direction, speed,
and vector differences between cloud motion vectors and winds at the
level of minimum vector difference for clouds associated with the storm.
The data are divided into two groups: those cases with LMVD at or above
the 500-mb level and those cases with LMVD below the 500-mb level. The
figure shows that upper-level direction differences are smaller than
low-level direction differences. The same is true also of speed differ-
ences and therefore, vector differences.
Table 6 compares differences shown by Figure 23 with those shown
by Figure 15 (which included all measurements on the three days).
Table 6 shows similar values for clouds with LMVD below the 500-mb
level. At the upper levels, the percent of clouds having a direction
difference less than 10 deg was much higher for the storm than for the
three-day sample. Not as great a percentage of cases associated with
the storm had speed differences less than 10 knots. The percent of
cases with a vector difference less than 10 knots is greater for the
storm only than for the three-day sample.
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Table 6
COMPARISON BETWEEN ALL MEASUREMENTS DURING THE
THREE-DAY PERIOD AND THOSE ASSOCIATED WITH THE STORM
IMVD
Basis of Comparison Below 500 mb At or above 500 mb
Number of cases
Three days 153 60
Storm only 109 21
Direction difference < 10 deg
Three days 56% 73%
Storm only 55% 90%
Speed difference < 10 knots
Three days 84% 95%
Storm only 80% 90%
Vector difference < 10 knots
Three days 71% 72%
Storm only 70% 83%
Data for all measurements for the three-day period were summarized
for comparison with data for the storm system when it was deepening
(17 March) and filling (18 March). Table 7 shows the results of this
comparison. The major differences shown by the table are that on 18
March there was an absence of measurable high clouds; only two cases
compared with 19 on 17 March. The average cloud speed both at low and
high levels was faster on 18 March than on 17 March. The speed on 17
March was close to the three-day average. The average direction differ-
ence between the cloud-motion vector and wind at the level of best fit
was smaller for low-level clouds on l8 ..March than on 17 March but was
larger for clouds with IMVD ~ 500 mb in the two cases available. The
average speed difference between cloud motion and wind at the level of
minimum vector difference was greater on 18 March than on 17 March and
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Table 7
COMPARISON OF ALL MEASUREMENTS DURING ALL THREE DAYS
WITH THOSE ASSOCIATED WITH THE STORM ONLY DURING
DEEPENING (17 MARCH) AND FILLING (18 MARCH) STAGES
IMVD $700 IMVD ~500
IMVD IMVD Compared IMVD Compared
Basis of Comparison 1.600 mb $700 mb to 850 mb ~500 mb to 300 mb
Nwnber of cases
17 March 39 21 21 19 19
18 March 39 35 35 2 2
3 days 153 108 104 60 60
Average cloud speed (knots)
17 March 26.3 25.4 46.9
18 March 29.9 30.5 63.0
3 days 25.8 25.0 50.1
Average direction difference (deg)
17 March 12.4 12.6 30.2 4.0 15.3
18 March 11.4 11.6 30.5 11.0 16.0
3 days 12.6 13.5 41.4 6.9 17.5
Average speed difference
17 March 4.1 4.9 7.0 3.1 14.7
18 March 7.4 8.2 10.3 6.5 16.0
3 days 5.1 6.1 9.6 3.4 13.7
Average vector difference
17 March 7.0 8.0 15.3 4.7 22.5
18 March 9.6 10.2 16.7 13.4 27.2
3 days 7.9 8.8 18.8 7.1 20.6
Standard vector deviation
17 March 8.9 10.0 17.3 6.2 26.5
18 March 12.6 13.2 20.1 15.7 27.3
3 days 10.3 11.3 21.6 9.2 23.1
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this together with the larger direction difference causes the average
vector difference to also be larger. The standard vector deviation is
also larger.
When cloud motions with LMVD ~ 700 mb were compared to the 850-mb
winds, there was essentially no difference between the average direction
difference on 17 March and 18 March; both days had values less than the
three-day average. The average speed difference on 18 March was higher
than on 17 March, but not significantly different from the three-day
average. The average vector difference is greater on 18 March than on
17 March, but not as large as for the three-day average. The standard
vector deviation shows the same trend as the average vector difference.
No valid comparison can be made of the three data samples when
cloud motions with LMVD ~ 500 mb are compared with 300-mb winds because
of only two cases on 18 March. All averages, however, increase con-
siderably over those at the LMVD.
These comparisons show that the basic difference in cloud motions
between the deepening and filling stages are that during the filling
stage most of the clouds were lower, moved faster, departed less from
the wind direction but showed larger variation from the wind speed
resulting in a greater average vector difference and larger standard
vector deviation.
C. Summary
Comparison of cloud motion measurements on 16, 17, and 18 March 1970
showed that 150 of the 213 measurements agreed best with winds below the
500-mb level.
Investigation of differences between cloud motions and winds at the
level of best fit was made for clouds with LBFs below and at or above
the 500-mb level. The mean direction difference for the two groups was
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12.6 and 6.9 deg; the mean speed difference 5.1 and 3.4 knots; the mean
magnitude of vector difference 7.9 and 7.1 knots; and the standard vector
deviation 10.3 and 9.2 knots.
The effect of assigning clouds to levels other than the level of
best fit was examined. Clouds with a LBF < 500 mb were compared with
850-mb winds and clouds with a LBF ~ 500 were compared with 300-mb winds.
These comparisons showed a considerable increase in the magnitude of the
vector difference. A further study where cloud motions were compared
with winds ±50, ±100, and ±150 mb from the level of best fit showed that
the smaller interval (±50 mb) was the maximum amount that measured cloud
motions could be moved from the level of best fit without introducing
substantial errors.
Examination of only those cloud vectors associated with a cyclone
was made and statistics during deepening compared with those during
filling. The basic difference between the two stages was that there
were very. few high clouds during the filling stage; the cloud speeds
were high and the cloud motions departed less from the wind direction,
but showed larger variation from the wind speed. This resulted in a
larger average vector difference and larger standard vector deviation
during filling than during deepening. The differences in this case,
however, where only slight deepening and filling occurred are not con-
sidered significant enough to be applied to any storm shown by ATS photo-
graphs to determine whether it is deepening or filling.
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IV RELATIONSHIP OF CLOUD MOTION TO CLOUD SIZE
The objective of this task was to develop, if possible, correlations
between cloud motion and conventional wind in tropical latitudes and to
determine how correlation varies as a function of individual cloud size,
cluster size, magnitude of wind vector, and weather type. Data for this
task consisted of ATS photographs and rawins collected by stations in
the BOMEX network.
A. Cloud Cover and Measurements
ATS photographs over the Caribbean were examined to find cases
with data suitable for analysis during the period of BOMEX. During
this period there were many days on which the pictures contained noise
and scan line dropouts making them difficult or impossible to analyze.
Four dates were found, however, on which the noise was within tolerable
limits. The dates and the number of cloud measurements on each date are
listed in Table 8.
Table 8
NUMBER OF CLOUD MEASUREMENTS
ON VARIOUS DATES
Date Number of Measurements
12 July 1969 28
13 July 1969 31
26 July 1969 33
27 July 1969 38
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The measurements were made in such a manner that, in addition to
cloud direction and speed, the average cloud size, orientation of major
and minor axes, and rate of change of cloud size could be computed.
Figures 24 to 27 show cloud cover as viewed by the ATS satellite
and the size, shape, and velocity vector of measured clouds. Since
cloud elements were forming and dissipating over short periods and mea-
surements were made from photographs taken over a period of a few hours,
an illustrated vector may be related to a cloud that does not appear in
the illustrated photograph but was present on some of the other photo-
graphs in the sequence.
Examination of the cloud photographs and the measured clouds shows
that on 12 July (Figure 24) most of the clouds north of the lOth parallel
were small; nearly all were moving from an easterly direction. The 1200
GMT NMC Tropical Strip Surface Chart for this date showed the inter-
tropical convergence zone ~xtending east-west along 7°N corresponding
to the more extensive cloud cover along the coast of South America.
On 13 July (Figure 25), the cloud patterns over the area remain
similar to that of 12 July. Again all the clouds were generally moving
from an easterly direction. The 1200 GMT surface chart showed the inter-
tropical convergence zone extending east-west along lOON, which is just
north of the extensive cloud cover on the lower part of Figure 25(a).
On 26 July (Figure 26), there is a large cloud mass near the center
of the cloud photograph with small clouds over most of the remainder of
the area. Motions of clouds over the area do not shpw the generally
uniform easterly motion of the previous two days illustrated; some
motions are from the north while others have a strong southerly component.
There was no surface chart for 1200 GMT on 26 JUly, but the 0000 GMT
chart for 27 July showed a closed low (labeled a Tropical Depression)
located at l6°N 6l oW. This position is just west of the cloud mass
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near 15°N 57.5°W. An inverted trough was located along 50 0 W and the
cloud cover in the northeast corner of Figure 26(a) is probably associated
with this trough.
The cloud photograph for 27 July [Figure 27(a)] shows two large
cloud masses now in the area. Examination of the cloud motions [Figure
27(b)] shows that the direction of motion of clouds in the vicinity of
these masses varies markedly. There are northerly and southerly motions
and near 16°N 59°W one cloud moved from the west. The surface chart
° 0for 1200 GMT on 27 July showed a low-pressure center near 16 N 62 W,
corresponding to the cloud mass in the upper right of Figure 27(a).
There was no synoptic feature in the vicinity of the area of cloud near
15°N 55°W. The cloud motion vectors, however, show no evidence of
closed cyclonic circulation around the centers of the cloud masses.
B. Comparison of Cloud Motions and Rawins
Locations of stations from which rawin data were available are
indicated by dots on the lower panels of Figures 24 to 27. The winds
aloft from these stations were compared with those cloud motions within
120 nmi of the station to determine the level of minimum vector difference
(LMVD). The dots on Figure 28 are plots of the LMVD versus the magnitude
of the minimum vector differences. The figure shows that the LMVD covers
the range from the 980-mb level to the 250-mb level. The magnitude of
the minimum vector difference for the majority of the points on both
panels is below 5 knots and the largest values are 16 knots at low levels
and 8 knots at high levels. In this task, the contract called for a
determination of " ... the vector difference between the cloud motion and
the wind at the 850-mb level for low clouds and the wind at the 300-mb
level for high clouds." The arrows on Figure 28 show the change in
minimum vector difference when clouds with LMVD ~ 700 mb and clouds with
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FIGURE 28 MINIMUM VECTOR DIFFERENCE AT THE LEVEL OF MINIMUM VECTOR DIF-
FERENCE (LMVD) AND THE CHANGE IN MINIMUM VECTOR DIFFERENCE
WHEN CLOUD MOTIONS WITH LMVD AT OR ABOVE THE 500-mb LEVEL ARE
COMPARED WITH 300-mb WINDS AND CLOUDS WITH LMVD AT OR BELOW
THE 700-mb LEVEL ARE COMPARED WITH 850-mb WINDS (clouds between the
700- and 500-mb levels were not compared with upper or lower level winds)
LMVD ~ 500 mb are compared with reported winds at the 850- and 300-mb
levels, respectively. No such comparisons were made with LMVDs >700 mb
and < 500 mb, since these were considered as middle clouds. At levels
at or above the 500-mb level the largest changes are between the 340-
and 400-mb levels. At levels of 700 mb or below, there is a large
change at the 980-mb level and moderate changes between the 710- and
760-mb levels. Changes are smallest through the layer from 800 to 900
mb. (They would, of course, be zero at the 850-mb level.) These results
are similar to those shown by Figure 22, except that the change in magni-
tude is not as great. This smaller change in magnitude is probably due
to more uniform wind profiles in these latitudes during the dates studied.
As mentioned previously, cloud area was one of the parameters that
was computed. A scatter diagram was plotted of cloud area versus LMVD
but the scatter was so large no conclusions could be drawn from the
graph; therefore, it is not illustrated. The reason for plotting such
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a graph was to see whether the larger clouds might move with winds at
a higher level. The Thunderstorm Project (Byers and Braham, 1949) found
that the diameter and height of convective cloud masses were highly
correlated. Since the larger diameter clouds are taller, they should
tend to move with the mean wind through a deep layer (or suffer con-
siderable shear) and thus have a motion corresponding to winds at a
higher level than the small clouds. The wide scatter in LMVD versus
area showed no tendency for this to occur in the cases examined.
Cloud motion and wind at the level of minimum vector difference
were compared. Figure 29 shows the result. With respect to direction,
the clouds tend to move slightly to the left of the measured wind. With
respect to speed, the clouds appear to move slightly faster than the
measured wind. Cloud speeds greater than wind speeds at the level of
minimum vector difference were also found in a previous study (Blackmer
et al., 1970) using data from cloud measurements over the western United
States and eastern Pacific Ocean. In the current study, deviation of
cloud direction or speed from the wind direction or speed did not appear
to depend on cloud size (which was coded on the original scatter diagram).
Comparison was made between cloud size, rate of change of size, and
difference between cloud speed and wind speed. Figure 30 shows the
results of this comparison. According to this comparison clouds with
an area greater than 400 nmi 2 that were growing (positive values) gener-
ally had measured speeds in excess of the wind speed (values ranged from
2 to 6 knots) while large clouds that were· decreasing in size (negative
values) generally had measured speeds slower than the observed wind. No
definite conclusion can be drawn from the distribution of points for
the smaller clouds.
Figure 31 shows cumulative frequency curves of the magnitude of
the minimum vector difference (difference between the cloud motion
vector and wind vector at the level of best fit) and the difference
between cloud speed and wind speed at the level of best fit. Separate
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curves are shown for different cloud sizes. The graphs show that a
substantial percent of the sample does not exceed 5 knots and that the
vector difference is generally larger than the speed difference, indicat-
ing that direction difference contributes materially to the vector dif-
ference. Because of the limited number of clouds in some area categories,
no definite conclusions can be drawn with respect to vector difference
or speed difference as a function of cloud size.
Figure 32 shows the cumulative frequency of difference in direction
between the measured cloud and observed wind at the level of best fit
for clouds of various sizes. Again the sample size for some of the size
categories is too small to be meaninfgul. The curve for all areas shows
that 75 percent of the cloud directions were within 15° of the wind
direction and only 6 percent departed more than 45° from the wind direc-
tion. The largest differences between cloud direction and wind direction
2is in the area class 500 to 999 nmi , where one difference of 119° was
observed. The cloud with which this large deviation occurred was nearly
120 nmi from the closest rawin station; hence, the cloud might have been
part of a circulation pattern not represented by the observed winds.
c. Summary
Measurements of cloud motion, cloud size, and growth rate were made
on four days in the vicinity of rawin stations in the BOMEX network.
These measurements were compared with the rawins and levels of best fit
ranging from 980 to 250 mb were found. No correlation was found between
cloud size and level of best fit.
The magnitude of the vector difference between the cloud motion
and wind at the level of best fit was as high as 15 knots for clouds
with levels of best fit below the 500-mb level and 8 knots for clouds
with levels of best fit above the 500-mb level. When cloud motion vectors
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with levels of best fit at or above the 500-mb level were compared with
winds at the 300-mb level, the vector difference increased to as much as
16 knots or double the greatest minimum vector difference. When cloud-
motion vectors with levels of best fit at or below the 700-mb level were
compared with winds at the 850-mb level, the increases in vector differ-
ence were generally smaller than those at the higher levels.
A comparison between cloud motions and winds at the level of best
fit showed that the clouds tended to move slightly faster than the ob-
served winds and to move slightly to the left of the wind direction.
This tendency did not appear to vary with cloud size. Rate of growth
however, appeared to influence whether clouds moved faster or slower
2
than the wind. Clouds with areas greater than 400 nmi that were growing
generally had measured speeds 2 to 6 knots in excess of the wind speed,
while large clouds that were decreasing in size had measured speeds
slower than the wind speed. No such tendency was observed for the smaller
.clouds.
No relationship between cloud size and amount of deviation from
the wind direction was observed.
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